Introduction
============

Most frequently found in tropical and sub-tropical areas of the world, *Culex pipiens* historically causes nuisance and are important vectors of humans diseases[@R1]. Insecticide resistance is generally considered to undermine control of vector-transmitted diseases because it increases the number of vectors that survive the insecticide treatment and therefore increasing problem in vector control programs. The main challenge of medical entomologists is to retard the development of insecticide resistance and reduce its influence on financially limited control[@R2]. It is important to note that resistance to insecticides has appeared in every major species of mosquitoes vectors including at least in 83 anopheline and culicine species[@R3]. Researchers have shown that the development of insecticide resistance in insect populations is influenced by many biological, ecological, genetic, and operational factors such as the frequency and dominance of the resistance gene, the insecticide selection pressure and the history of pesticides exposure, the isolation, in breeding and reproductive potential of the insect population.

It is known that many chemical insecticides including organophosphates and pyrethroids are widely used for controlling mosquito population. Therefore, the evaluation of vector management programs must regularly be done to develop appropriate and comprehensive resistance assessment and management techniques in order to collectively find an alternately solution to address the existing global public health issue of insecticide resistance in the future that will prevent or minimize the development of resistance to effective insecticides[@R4].

The objective of the present study was to determine the resistance development and insecticide susceptibility in *Culex pipiens pipiens* against selection pressure of temephos and its relationship to cross-resistance towards organophosphates and pyrethroids insecticides. Such knowledge is essential in defining future control strategies against this medically important mosquito. Indeed, the characterization of the resistance mechanisms and the estimation of the proportion of resistant phenotypes will be of great importance to possible choice of the insecticide to be used to retard the rapid evolution of resistance and to provide proper timing of insecticide application, respectively.

Materials and methods
=====================

Mosquito strains
----------------

A field population was collected from Boussalem (Northwestern Tunisia) and reared in laboratory condition under temephos selection pressure during six generations. S-Lab is a susceptible strain without any known resistance genes isolated from a Californian population[@R5] in 1966. It has been maintained in laboratory and used as reference to do different comparison with field populations. Two OPs resistant strains: SA2, a resistant strain homozygous for Ester[@R2], displaying over-produced esterases A2-B2, and SA5, a resistant strain homozygous for Ester[@R5], displaying over-produced esterases A5-B5[@R6] were used as references to identify different esterases.

Mosquitoes rearing
------------------

Collected larvae were transported to the laboratory and directly transferred into plastic trays containing distilled water with rabbit croquette which served as food under standard insectary conditions (25 ± 1°C and 70 ± 5% RH). Both adult sexes have been fed on sugar water. Only females fed on blood birds. Adult mosquitoes were maintained in cages. The cycle is repeated after obtained eggs.

Insecticides and synergists
---------------------------

Different insecticides including the organophosphate temephos and chlorpyrifos, the pyrethroid permethrin and the carbamate propoxur were used in the present study. The effect on organophosphates resistance of 2 synergists: the DEF (98%, Chem Service, England), and Pb (94%, Laboratory Dr Ehrenstorfer, Germany) , was studied by exposing larvae to a standard sub-lethal doses of 0.08 mg/l for DEF , and 2.5 mg/l for Pb , 4h before the addition of the insecticide.

Selection and bioassay procedures
---------------------------------

Groups of late third or early 4^th^-stage larvae were submitted to temephos pressure selection for 24 h. Survivor larvae were thereafter transferred to clean water and reared to the next generation. The larval tests were carried out according to the standard method of Raymond et al[@R5]. Insecticides bioassays included 5 concentrations providing between 0 and 100% mortality and 5 replicates per concentration on sets of 20 early 4^th^ instars in a total volume of 100 ml of water containing 1 ml of ethanol solution of the tested insecticide. We should note that we used a series of five beakers in the case of control larvae and we added solely 1 ml of ethanol. Burned results were obtained by counting the dead and living larvae after a contact time of 24 h with the insecticide tested. The test should be repeated if the number of death in control batch exceeded 10%. The results of the sensitivity tests are expressed in the percentage of the larval mortality versus the concentrations of insecticides used.

Biochemical assays
------------------

Over-produced esterases were investigated on starch electrophoresis using the methods of Pasteur et al[@R7].

Data analysis
-------------

Bioassays including synergist\'s tests were performed according to standard protocol of Raymond et al[@R8]. Data were subjected to probit analysis[@R9] using a BASIC program[@R10] to obtain LC~50~, LC~95~ and regression line. Values of LC~50~, LC~95~, confidence limits at 95% and slopes were computed. Susceptible strain was used to calculate the Resistance ratio at LC~50~ which is LC~50~ of field population/LC~50~ of sensitive strain and synergism ratio at LC~50~ which is LC~50~ in absence of synergist/LC~50~ in presence of synergist.

Results
=======

The objective of the present study was to determine the resistance development and insecticide susceptibility in *Culex pipiens pipiens* against selection pressure of temephos and its relationship to cross-resistance towards organophosphate chlorpyrifos and pyrethroids permethrin. The selection was initiated at the dose 0.0266, 0.0748 and 0.0069 which were increased during successive generations up to 0.1488, 3.8747 and 0.0086 in sixth generation for temephos, chlorpyrifos and permethrin insecticides, respectively ([Tables 1](#T1){ref-type="table"}, [2](#T2){ref-type="table"}, [3](#T3){ref-type="table"}). It is important to note that high cross-resistance to chlorpyrifos insecticide (OP) was detected (51.88×). However, little and no cross-resistance to the organophosphate temephos and pyrethroid permethrin (PYR) was recorded (5.59× and 1.24×, respectively). The little cross-resistance to the pyrethroid permethrin could support its use alternately for *Culex pipiens pipiens* control. However, the cross-resistance to chlorpyrifos from temephos selection could limit the use of both insecticides for *Culex pipiens* control.

###### 

Temephos resistance status of selected laboratory population of *Culex pipiens pipiens* after temephos selection pressures

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Population       Temephos                          Temephos +DEF                                      Temephos +Pb                                                                                                 
  ---------------- ------------------ -------------- ----------------- ------------------ ------------- ------------------ -------------- ------ -------------------- ------------- ----------------- -------------- ------
  **Slab**         0.0012\            2.34 ± 0.22    −                 0.0003\            4.99±(0.69)   −                  3.84\          −      0.0021\              1.94±(0.28)   −                 0.56\          −
                   (0.0011--0.0014)                                    (0.0002--0.00036                                    (2.89--5.09)          (0.0017--0.0028)                                     (0.44--0.72)   

  **Field**\       0.0266\            3.02± 0.27     21.45\            −                  −             −                  −              −      −                    −             −                 −              −
  **population**   (0.0237--0.0301)                  (17.63--26.10)                                                                                                                                                  

  **Selected**\    0.1488\            2.56\*± 0.47   119.64\           0.1586\            2.76±(0.54)   489.90\            0.93\          0.24   0.1793\              1.80±(1.31)   81.69\            0.83\          1.46
  **population**   (0.0887--0.2586)                  (82.08--174.39)   (0.0993--0.2537)                 (278.99--860.24)   (0.53--1.65)          (0.0002--177.0710)                 (27.69--240.97)   (0.27--2.51)   
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

(a), 95% CI

RR~50~, resistance ratio at LC~50~ (RR~50~=LC~50~ of the population considered / LC~50~ of Slab); SR~50~, synergism ratio (LC~50~ observed in absence of synergist / LC~50~ observed in presence of synergist). RR and SR considered significant (P\<0.05) if their 95%CI did not include the value 1.

RSR, relative synergism ratio (RR for insecticide alone / RR for insecticide plus synergist).

###### 

Chlorpyrifos resistance status of selected laboratory population of *Culex pipiens* pipiens after temephos selection pressures

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Population       Chlorpyrifos                      Chlorpyrifos +DEF                                        Chlorpyrifos +Pb                                                                                                            
  ---------------- ------------------- ------------- -------------------- --------------------- ------------- ----------------------- ---------------- ------ ------------------ ------------- ----------------------- ------------------ ------
  **Slab**         0.00098\            3.42±(0.29)   −                    0.00005\              3.31±(0.25)   −                       19.13\           −      0.0045\            2.75±(0.39)   −                       0.2159\            −
                   (0.00089--0.0010)                                      (0.00004--0.000055)                                         (15.99--22.89)          (0.0040--0.0051)                                         (0.1744--0.2673)   

  **Field**\       0.0748\             2.15±(0.42)   75.90\               −                     −             −                       −                −      −                  −             −                       −                  −
  **population**   (0.0420--0.1317)                  (48.46--118.87)                                                                                                                                                                      

  **Selected**\    3.8747\             2.05±(0.16)   3929.36\             5.1234\               2.43±(0.29)   99435.21\               0.75\            0.04   5.0581\            2.03±(0.26)   1107.5610\              0.76\              3.54
  **population**   (3.3426--4.5119)                  (3212.09--4806.81)   (4.3445--6.2644)                    (80613.02--186184.78)   (0.60--0.95)            (4.1906--6.4375)                 (874.8061--1402.2440)   (0.61--0.95)       
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

(a), 95% CI

RR~50~, resistance ratio at LC~50~ (RR~50~=LC~50~ of the population considered / LC~50~ of Slab); SR~50~, synergism ratio (LC~50~ observed in absence of synergist / LC~50~ observed in presence of synergist). RR and SR considered significant (P\<0.05) if their 95%CI did not include the value 1.

RSR, relative synergism ratio (RR for insecticide alone / RR for insecticide plus synergist).

###### 

Permethrin resistance status of selected laboratory population of Culex pipiens pipiens after temephos selection pressures

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Population       Permethrin                       Permethrin +DEF                                    Permethrin +Pb                                                                                            
  ---------------- ------------------ ------------- ----------------- ------------------ ------------- ---------------- -------------- ------ -------------------- ------------- --------------- --------------- ------
  **Slab**         0.0004\            4.7±(0.55)    −                 0.0004\            1.22±(0.25)   −                0.99\          −      0.0001\              1.80±(0.26)   −               3.08\           −
                   (0.0003--0.00044                                   (0.0002--0.0007)                                  (0.73--1.33)          (0.00009--0.00019)                                 (2.28--4.16)    

  **Field**\       0.0069\            5.64±(1.68)   16.84\            −                  −             −                −              −      −                    −             −               −               −
  **population**   (0.0051--0.0092)                 (8.64--32.81)                                                                                                                                                

  **Selected**\    0.0086\            2.09±(0.42)   21.05\            0.0086\            2.43±(0.53)   20.98\           0.99\          1.00   0.0020\              1.68±(0.91)   15.73\          4.12\           1.33
  **population**   (0.0045--0.0165)                 (12.76--34.7)     (0.0045--0.0167)                 (11.06--39.82)   (0.56--1.76)          (0.0000--2.8515)                   (4.17--59.27)   (1.09--15.61)   
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

(a), 95% CI

RR~50~, resistance ratio at LC~50~ (RR~50~=LC~50~ of the population considered / LC~50~ of Slab); SR~50~, synergism ratio (LC~50~ observed in absence of synergist / LC~50~ observed in presence of synergist). RR and SR considered significant (P\<0.05) if their 95%CI did not include the value 1.

RSR, relative synergism ratio (RR for insecticide alone / RR for insecticide plus synergist).

Organophosphates and pyrethroids insecticides confer the same resistance characteristics in the presence or absence of the synergists DEF and Pb in the selected strain. These observations indicate that the concerned gene does not code for increased detoxification by carboxylesterases or glutathione-S-transferases inhibited by DEF and/or cytochrome P450 oxidases inhibited by Pb ([Tables 1](#T1){ref-type="table"}, [2](#T2){ref-type="table"}, [3](#T3){ref-type="table"}). Biochemical analysis confirmed these results and esterases were not detected. On the other hand, the correlation recorded between mortality due to carbamate propoxur and the LC~50~ of organopshosphate insecticides indicated an insensitive acetylcholinesterase (AChE1).

Discussion
==========

It was found that the level of resistance in *Culex pipiens pipiens* submitted to the pressure of temephos insecticide after six generations had increased to 5 folds for temephos (OP) and 51 folds for chlorpyrifos (OP) without any cross-resistance to permethrin (PYR). Resistance to temephos and chlorpyrifos exhibited a significant difference in resistance towards LC~50~ values after six generations. It was not clear why such variations on the LC~50~ value was found, although they belong to the same insecticide class. Similar findings were found by previous studies on *Culex pipiens* submitted to different OPs insecticides[@R11]--[@R13]. It is important to note that the parent larvae seemed moderately resistant to tested insecticides before pressure selection hence the possibility that these larvae had been subjected to some organic phosphate compounds. In this context, the resistance to chlorpyrifos in populations of *Culex pipiens* collected from Tunisia was high, reaching the highest level \>10,000-folds recorded worldwide[@R14]. Wirth et al[@R15] showed that under selection pressure to OPs insecticides, *Culex* mosquitoes displayed high levels of larval resistance to chlorpyrifos (64-fold), methyl parathion (57-fold), temphos (2-fold) and malathion (36-fold). High resistance to chlorpyrifos and other organophopshates insecticides was detected in regions submitted to excessive use of chlorpyrifos[@R16]. This finding was supported by previous studies showing the importance of the seasonal differences in chlorpyrifos resistance[@R17]. Little or no cross-resistance with permethrin insecticide was observed after six generations. These results could support its use alternately for *Culex pipiens pipiens* control and indicated that involved genes are not shared between the two insecticides classes. However, previous studies showed that different groups of genes can be selected with one insecticide[@R18].

Based on finding of our investigation, we suggest some considerations for insecticide use. It is important to avoid long-term effects of repeated exposure to a constant low concentration of insecticide in *Culex* mosquitoes, because it can lead to dramatically increased resistance compared to its initial level. In the present study, the level of resistance to organophosphates insecticides significantly increased after six generation of selection. This finding indicated that both public health and agricultural applications may have negative impact on vector control. Therefore, it is important to reduce their use and choose chemical products with fast degradation in the environment to retard the development of resistance. The combination of chemical insecticides and synergists, inhibitor of detoxification enzymes, may also delay the increase of insecticides in high resistance areas[@R19]. It is important also to rotate the insecticides promptly having different modes of action before the occurrence of high resistance and cross-resistance with other classes of insecticides. On the other hand, it is important to note that insecticide withdrawal should be maintained for a long time like suggested by Raghavendra et al[@R20]. These authors showed that resistance to chemical insecticides may persist from 2 to 30 years after withdraw. Results of our study can be useful for current and future management of insecticide resistance in vectors and pests of public health importance.

The study of involved mechanisms showed the involvement of the target site without any detection of detoxification enzymes. Contrary to metabolic resistance, it seemed that AChE 1 was fixed under pressure selection. However, both target sites and metabolic resistance should be taken into account in vector control. In the present study, both chemical and synergism tests did not revealed any over-produced esterases to be involved in the recorded resistance to OPs insecticides. These detoxification enzymes were involved in the resistance to chlorpyrifos and temephos insecticides in Tunisian *Culex pipiens*[@R14],[@R21],[@R22]. This correlation was found also in other mosquito\'s species including *Aedes aegypti*[@R15]. In this context, it is important to note that some enzymes are insensible to synergists like confirmed by Raymond et al[@R23]. These authors reported that the contribution of both target site and detoxification enzymes are additive although previous studies showed the dominance of target-site against resistance against OPs insecticide[@R24]. This finding can explain clearly our results and related the high resistance of the selected strain to the AChE1.
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